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Abstract
Recent results in the field of carbon nanotube–silicon solar cells have suggested that the best performance is obtained when the
nanotube film provides good coverage of the silicon surface and when the nanotubes in the film are aligned parallel to the surface.
The recently developed process of dry shear aligning – in which shear force is applied to the surface of carbon nanotube thin films
in the dry state, has been shown to yield nanotube films that are very flat and in which the surface nanotubes are very well aligned
in the direction of shear. It is thus reasonable to expect that nanotube films subjected to dry shear aligning should outperform other-
wise identical films formed by other processes. In this work, the fabrication and characterisation of carbon nanotube–silicon solar
cells using such films is reported, and the photovoltaic performance of devices produced with and without dry shear aligning is
compared.
Introduction
During the last decade or so, the potential benefits of using car-
bon nanotubes in solar cells has been explored from both a
fundamental theory point of view [1,2], as well as experimental-
ly in a host of different device architectures, including as addi-
tives in dye solar cells [3,4], organic photovoltaics [5,6], and
perovskites [7,8] and as the active light absorbing component in
conjunction with acceptors such as fullerenes [9-12]. Carbon
nanotube–silicon heterojunctions can also function as solar cells
[13,14] and over the last few years of development the power
conversion efficiency (PCE) of these devices has been steadily
increasing [15-22], with the most recent high efficiency record
by Wang et al. now standing at ≈17% [23]. The understanding
of precisely how these junctions operate is still incomplete and
although progress in this respect is ongoing [24-41], there are
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Figure 1: Effect of dry shear aligning (DSA) on film morphology. a) and b) show SEM images of thin films produced by vacuum filtration, before DSA,
whereas c) and d) show the same films after DSA.
still many questions unanswered. What has been established is
that, as one should expect, the quality of the junction plays a
large role in overall performance. Since the underlying silicon
base is usually a high-grade monocrystalline material, junction
quality is dominated by aspects relating to the nanotube thin
film. An important factor in many devices is the degree of cov-
erage of the films on the silicon surface, itself dependent on the
films’ porosity. Jung et al. [17], Li et al. [28] and Tune et al.
[42] have shown that alignment of the nanotubes by solution
shearing (as known as slide casting, liquid film shearing, shear
force casting) from solutions of either the nanotubes dissolved
natively in chlorosulphonic acid (Jung, Li), or the nanotubes
dissolved as polyelectrolyte salts in polar, aprotic solvent
(Tune) yields higher performing devices than their randomly
oriented counterparts, and explained these observations with
reference to the better surface coverage provided by such films.
Recently, the process of dry shear aligning (DSA), wherein a
randomly oriented thin film of nanotubes is flattened and
aligned by application of shear force in the dry state, was re-
ported to yield similar films as those obtained by solution
shearing. It was further suggested that perhaps such films may
yield similar improvements in carbon nanotube–silicon solar
cell performance [43]. To address this question, we report
herein the results of a direct comparison between two sets of
solar cells fabricated with either, a) nanotube films produced by
common vacuum filtration from aqueous suspension or, b) iden-
tical films (from the same filtration membrane) that have been
subjected to DSA before deposition onto the silicon surface.
Results and Discussion
SEM images (Figure 1) reveals clear differences between the
nanotube films as captured on the filtration membranes, and the
same films after DSA. As well as the obvious alignment of the
nanotubes in the direction of shear, the porosity of the film has
also been reduced due to better packing of the nanotubes in
their aligned configuration. The films are now also visibly
flatter, with atomic force microscopy showing two orders of
magnitude reductions in surface roughness (from ≈140 nm to
only 3–4 nm) [43], which should lead to the desired improve-
ments in interfacial contact between the nanotube film and the
silicon substrate.
The optical properties of the nanotube films (Figure 2a) show
the typical features of large diameter, arc discharge SWCNTs
with a broad S11 region around 1900 nm, corresponding to a di-
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Figure 2: a) Optical spectra of the various thicknesses of a SWCNT film, b) variation of the degree of alignment with film thickness, c) variation of
sheet resistance with film thickness for random and aligned SWCNT films and, d) variation in the ratio of DC electrical to optical conductivity with film
thickness for random and aligned SWCNT films.
ameter distribution centred about 1.4 nm. The features on either
side of the main peak are better resolved in the similarly shaped
S22 region and indicate that there are many (n,m) species in the
distribution, with the M11 region also displaying several compo-
nents. The data is presented in Figure 2a on the familiar absor-
bance scale but a simple conversion yields the T550 value com-
monly used in the quantification of transparent films’ perfor-
mance. The isotropic absorbance spectra were unchanged by
DSA however, Figure 2b shows the variation in the degree of
alignment of the nanotubes in the films after DSA, where the
2D order parameter is calculated from polarised optical trans-
mittance measurements as in Equation 1 [44] and reveals that
the degree of alignment increases as the film thickness
decreases. This has been explained previously by considering
that DSA affects mostly the nanotubes on the surface of the
film, leaving the nanotubes in the ‘bulk’ of the film relatively
unaffected. As the thickness decreases, the ratio of surface
nanotubes to the bulk increases and the surface nanotubes thus
contribute more to the overall absorbance of the film.
(1)
The sheet resistance of the films varies with thickness as shown
in Figure 2c. Taking into account the log resistance scale, there
are two main regions below and above T550 = 85–90%, corre-
sponding to the transition between the two dominant conduc-
tion mechanisms of variable range hopping through denser
films and percolation through sparse films. The measurements
were taken with a linear four-point probe using a DC bias, how-
ever no anisotropy in the resistance was observed with rotation
of the probe. The sheet resistance, Rsheet, of the films was
marginally increased after DSA, which is made clearer when
considering the DC electrical to optical conductivity ratio, σOP/
σDC (Figure 2d), calculated as per Equation 2 [45], which takes
into account the sheet resistance and the (isotropic) transmit-
tance and where μ0 and ε0 have their usual meaning.
(2)
The as-prepared films and those aligned by DSA were
deposited on silicon substrates patterned with electrodes, and
the photovoltaic performance was measured, with the results
summarised in Figure 3 (and with the full J–V curves shown in
Supporting Information File 1, Figure S1). Whilst the DSA
devices exhibited a slightly higher open circuit voltage (Voc) for
films of around T550 = 70–80%, the short circuit current densi-
ty (Jsc) was lower for all film thicknesses, especially the thicker
films, and the fill factor (FF) was also increasingly poorer
tending towards thicker films. The overall result in terms of
PCE is that the DSA devices performed relatively the same as
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Figure 3: The variation of solar cell parameters with nanotube film thickness for films both before (red diamonds) and after (black triangles) DSA,
a) open circuit voltage, b) short circuit current density, c) fill factor and, d) power conversion efficiency.
the devices with as-prepared films for T550 ≥ 70%, but per-
formed increasing worse for the thicker films, with the DSA
devices of T550 = 54% generating only a third of their as-pre-
pared film counterparts.
The reasons for the poorer performance are not immediately
obvious. Although there is a clear difference in the sheet resis-
tance, and thus DC electrical to optical conductivity ratio, it
does not appear to be large enough to account for the observed
difference in performance. Indeed, the two trends are some-
what different; the relative difference in sheet resistance is
lowest at the two ends of the transmittance range, and is greatest
in the middle of the range, whereas the relative difference in the
solar cell performance (as seen most clearly in the short circuit
current density, Figure 3b) is at a minimum for the thinnest
films and maximum for the thickest films. It was observed that
the upper side of the nanotube films on the filtration mem-
branes became visibly more reflective after DSA and although
the films were deposited with the reflective side down, it was
thought that perhaps this could change the reflectance of the
silicon surface differently to when an as-prepared film was
deposited. However, reflectance measurements taken of the
completed devices not only showed that this was not the case,
but that the devices with the DSA films were, on average,
5–10% less reflective than those with the as-prepared films,
across all wavelengths. Thus, when mounted on silicon, a
higher photon current is penetrating through the films than the
transmittance measurements suggest, which should result in a
higher short circuit current density for all film thicknesses – the
opposite of what is observed for the thicker films. Another pos-
sibility is that the quality of the interface between the nano-
tubes and silicon is inferior after DSA, though that is the oppo-
site of what was intended. However, the diode ideality factors
extracted from the dark current characteristics were similar for
both the as-prepared and DSA film devices (around 1.5–2), and
showed no clear trend in either case. In short, the origin of the
observed performance reduction for devices fabricated with
thick nanotube films that have been flattened and aligned by
DSA remains undetermined, despite the fact that previous
results have suggested an improvement in performance.
Conclusion
In conclusion, a comparison was made between carbon nano-
tube–silicon solar cells made with either as-prepared, vacuum
filtration nanotube films or the same films after flattening and
aligning of the nanotubes on the contacting surface of the films
using the newly developed technique of dry shear aligning.
Whilst the DSA process produced films that were two orders of
magnitude flatter and exhibited a 2D order parameter of up to
0.3, both of which have been previously observed to improve
the photovoltaic performance of carbon nanotube–silicon junc-
tions, in this case this was accompanied instead by a reduction
in the sheet resistance and thus DC electrical to optical conduc-
tivity ratio of the films. In terms of the performance of solar
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cells made with the DSA films, the net result for thin films
(T550 > 70%) was that there was no overall change compared to
the devices with as-prepared nanotube films. However, there
was a significant decrease in performance for films thicker than
T550 = 70%, with the devices using the thickest DSA films
(T550 = 54%) producing only a third of the photovoltaic output
of the devices made with as-prepared films of the same trans-
mittance.
Experimental
Single walled carbon nanotubes (P2-SWNT, Carbon Solutions)
were added to aqueous TritonX-100 (1% v/v, Sigma-Aldrich) at
0.1 mg mL−1 then bath sonicated (1 h). After centrifugation
(20 000g, 20 min), the nanotube films were captured from the
supernatant by vacuum filtration onto mixed cellulose ester
(MCE) membranes (0.45 μm, HAWP, Merck Millipore) and
rinsed thoroughly with copious DI water as per Wu et al. [46]
and Hu et al. [47]. For the DSA preparation, a cylindrical
Teflon stir bar (8 × 30 mm) was used as the aligner. The mem-
branes were placed on a flat glass surface (nanotube side up)
and held in place while the stir bar was very firmly (≈60 N)
sheared across the film surface (2–3 mm s−1) such that approxi-
mately half of the film was thus aligned and the other half
remained in the as-prepared state. The nanotube films changed
in appearance from matt grey/black to become visibly smoother
and more reflective, with the direction of shear faintly
discernible to the eye. Small circular regions (0.08 cm2) of each
film were then taken from both the aligned and as-prepared
parts of the membranes and used in devices. The films were
deposited by placing them, nanotube side down, on the solar
cells such that they completely covered the active area; they
were then wet with a drop of water, compressed with Teflon
and baked in air (110 °C, 15 min). To remove the MCE from
the films, the cooled substrates were placed in an acetone
(EMSURE, Merck) bath for 30 min then transferred to two
fresh acetone baths for a further 30 min each.
Carbon nanotube–silicon solar cells were fabricated as de-
scribed previously [36]. Briefly, Cr/Au front electrodes were
patterned onto phosphorous doped n-type silicon substrates
(SSP, 525 μm thick, 1–5 Ω cm, <100>, with a 100 nm thermal
oxide) by photolithography and defined circular active areas
(0.08 cm2) in which the SiO2 was removed by buffered oxide
etch. The films were deposited as described above and the cells
were completed with GaIn eutectic back electrodes and
mounted on steel support plates. Before testing, all cells were
treated sequentially with 2% HF, SOCl2 and 2% HF again.
This treatment sequence removes the thin oxide from the
silicon surface as well as p-doping the nanotubes and dramati-
cally increasing the conductivity of the nanotube films. Cur-
rent–voltage data was taken from cells in the dark and under
100 mW cm−2 AM1.5G illumination (Class 2A, with irradiance
measured by a silicon reference cell with NIST-traceable cali-
bration).
Supporting Information
Supporting Information File 1
Additional experimental information.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-7-141-S1.pdf]
Acknowledgements
B. Stolz thanks the Carbon Nanotube Solar Cells and Sensors
group at the Institute of Nanotechnology, Karslruhe Institute of
Technology for hosting the research project. B. Flavel grate-
fully acknowledges support from the Deutsche Forschungsge-
meinschafts (DFG) Emmy Noether Programm under grant
numbers FL 834/1-1 and FL 834/2-1.
References
1. Tune, D. D.; Shapter, J. G. Energy Environ. Sci. 2013, 6, 2572.
doi:10.1039/c3ee41731j
2. Bierman, D. M.; Lenert, A.; Chan, W. R.; Bhatia, B.; Celanović, I.;
Soljačić, M.; Wang, E. N. Nat. Energy 2016, 1, No. 16068.
doi:10.1038/nenergy.2016.68
3. Macdonald, T. J.; Tune, D. D.; Dewi, M. R.; Gibson, C. T.;
Shapter, J. G.; Nann, T. ChemSusChem 2015, 8, 3396.
doi:10.1002/cssc.201500945
4. Batmunkh, M.; Biggs, M. J.; Shapter, J. G. Small 2015, 11, 2963.
doi:10.1002/smll.201403155
5. Shastry, T. A.; Hartnett, P. E.; Wasielewski, M. R.; Marks, T. J.;
Hersam, M. C. ACS Energy Lett. 2016, 1, 548–555.
doi:10.1021/acsenergylett.6b00291
6. Salim, T.; Lee, H.-W.; Wong, L. H.; Oh, J. H.; Bao, Z.; Lam, Y. M.
Adv. Funct. Mater. 2016, 26, 51. doi:10.1002/adfm.201503256
7. Schulz, P.; Dowgiallo, A.-M.; Yang, M.; Zhu, K.; Blackburn, J. L.;
Berry, J. J. J. Phys. Chem. Lett. 2016, 7, 418.
doi:10.1021/acs.jpclett.5b02721
8. Aitola, K.; Sveinbjörnsson, K.; Correa-Baena, J.-P.; Kaskela, A.;
Abate, A.; Tian, Y.; Johansson, E. M. J.; Grätzel, M.; Kauppinen, E. I.;
Hagfeldt, A.; Boschloo, G. Energy Environ. Sci. 2016, 9, 461.
doi:10.1039/C5EE03394B
9. Gong, M.; Shastry, T. A.; Xie, Y.; Bernardi, M.; Jasion, D.; Luck, K. A.;
Marks, T. J.; Grossman, J. C.; Ren, S.; Hersam, M. C. Nano Lett. 2014,
14, 5308. doi:10.1021/nl5027452
10. Pfohl, M.; Glaser, K.; Ludwig, J.; Tune, D. D.; Dehm, S.; Kayser, C.;
Colsmann, A.; Krupke, R.; Flavel, B. S. Adv. Energy Mater. 2016, 6,
No. 1501345. doi:10.1002/aenm.201501345
11. Ihly, R.; Mistry, K. S.; Ferguson, A. J.; Clikeman, T. T.; Larson, B. W.;
Reid, O.; Boltalina, O. V.; Strauss, S. H.; Rumbles, G.; Blackburn, J. L.
Nat. Chem. 2016, 8, 603. doi:10.1038/nchem.2496
12. Pfohl, M.; Glaser, K.; Graf, A.; Mertens, A.; Tune, D. D.;
Puerckhauer, T.; Alam, A.; Wei, L.; Chen, Y.; Zaumseil, J.;
Colsmann, A.; Krupke, R.; Flavel, B. S. Adv. Energy Mater. 2016, 6,
No. 1600890. doi:10.1002/aenm.201600890
Beilstein J. Nanotechnol. 2016, 7, 1486–1491.
1491
13. Wei, J.; Jia, Y.; Shu, Q.; Gu, Z.; Wang, K.; Zhuang, D.; Zhang, G.;
Wang, Z.; Luo, J.; Cao, A.; Wu, D. Nano Lett. 2007, 7, 2317.
doi:10.1021/nl070961c
14. Tune, D. D.; Flavel, B. S.; Krupke, R.; Shapter, J. G.
Adv. Energy Mater. 2012, 2, 1043. doi:10.1002/aenm.201200249
15. Jia, Y.; Li, P.; Wei, J.; Cao, A.; Wang, K.; Li, C.; Zhuang, D.; Zhu, H.;
Wu, D. Mater. Res. Bull. 2010, 45, 1401.
doi:10.1016/j.materresbull.2010.06.045
16. Jia, Y.; Li, P.; Gui, X.; Wei, J.; Wang, K.; Zhu, H.; Wu, D.; Zhang, L.;
Cao, A.; Xu, Y. Appl. Phys. Lett. 2011, 98, No. 133115.
doi:10.1063/1.3573829
17. Jung, Y.; Li, X.; Rajan, N. K.; Taylor, A. D.; Reed, M. A. Nano Lett.
2012, 13, 95. doi:10.1021/nl3035652
18. Shi, E.; Zhang, L.; Li, Z.; Li, P.; Shang, Y.; Jia, Y.; Wei, J.; Wang, K.;
Zhu, H.; Wu, D.; Zhang, S.; Cao, A. Sci. Rep. 2012, 2, No. 884.
doi:10.1038/srep00884
19. Cui, K.; Chiba, T.; Omiya, S.; Thurakitseree, T.; Zhao, P.; Fujii, S.;
Kataura, H.; Einarsson, E.; Chiashi, S.; Maruyama, S.
J. Phys. Chem. Lett. 2013, 4, 2571. doi:10.1021/jz401242a
20. Tune, D. D.; Flavel, B. S.; Quinton, J. S.; Ellis, A. V.; Shapter, J. G.
ChemSusChem 2013, 6, 320. doi:10.1002/cssc.201200600
21. Cui, K.; Anisimov, A. S.; Chiba, T.; Fujii, S.; Kataura, H.;
Nasibulin, A. G.; Chiashi, S.; Kauppinen, E. I.; Maruyama, S.
J. Mater. Chem. A 2014, 2, 11311. doi:10.1039/C4TA01353K
22. Yu, L.; Tune, D. D.; Shearer, C. J.; Shapter, J. G. Sol. Energy 2015,
118, 592. doi:10.1016/j.solener.2015.06.014
23. Wang, F.; Kozawa, D.; Miyauchi, Y.; Hiraoka, K.; Mouri, S.; Ohno, Y.;
Matsuda, K. Nat. Commun. 2015, 6, No. 6305.
doi:10.1038/ncomms7305
24. Wadhwa, P.; Liu, B.; McCarthy, M. A.; Wu, Z.; Rinzler, A. G. Nano Lett.
2010, 10, 5001. doi:10.1021/nl103128a
25. Jia, Y.; Cao, A.; Bai, X.; Li, Z.; Zhang, L.; Guo, N.; Wei, J.; Wang, K.;
Zhu, H.; Wu, D.; Ajayan, P. M. Nano Lett. 2011, 11, 1901.
doi:10.1021/nl2002632
26. Wadhwa, P.; Seol, G.; Petterson, M. K.; Guo, J.; Rinzler, A. G.
Nano Lett. 2011, 11, 2419. doi:10.1021/nl200811z
27. Jia, Y.; Cao, A.; Kang, F.; Li, P.; Gui, X.; Zhang, L.; Shi, E.; Wei, J.;
Wang, K.; Zhu, H.; Wu, D. Phys. Chem. Chem. Phys. 2012, 14, 8391.
doi:10.1039/c2cp23639g
28. Li, X.; Jung, Y.; Sakimoto, K.; Goh, T.-H.; Reed, M. A.; Taylor, A. D.
Energy Environ. Sci. 2013, 6, 879–887. doi:10.1039/c2ee23716d
29. Pintossi, C.; Salvinelli, G.; Drera, G.; Pagliara, S.; Sangaletti, L.;
Del Gobbo, S.; Morbidoni, M.; Scarselli, M.; De Crescenzi, M.;
Castrucci, P. J. Phys. Chem. C 2013, 117, 18688.
doi:10.1021/jp404820k
30. Tune, D. D.; Shapter, J. G. Nanomaterials 2013, 3, 655.
doi:10.3390/nano3040655
31. Tune, D. D.; Hennrich, F.; Dehm, S.; Klein, M. F. G.; Glaser, K.;
Colsmann, A.; Shapter, J. G.; Lemmer, U.; Kappes, M. M.; Krupke, R.;
Flavel, B. S. Adv. Energy Mater. 2013, 3, 1091.
doi:10.1002/aenm.201200949
32. Wang, F.; Kozawa, D.; Miyauchi, Y.; Hiraoka, K.; Mouri, S.;
Matsuda, K. Appl. Phys. Express 2013, 6, No. 102301.
doi:10.7567/APEX.6.102301
33. Li, X.; Guard, L. M.; Jiang, J.; Sakimoto, K.; Huang, J.-S.; Wu, J.; Li, J.;
Yu, L.; Pokhrel, R.; Brudvig, G. W.; Ismail-Beigi, S.; Hazari, N.;
Taylor, A. D. Nano Lett. 2014, 14, 3388. doi:10.1021/nl500894h
34. Li, X.; Jung, Y.; Huang, J.-S.; Goh, T.; Taylor, A. D. Adv. Energy Mater.
2014, 4, No. 1400186. doi:10.1002/aenm.201400186
35. Ponzoni, S.; Galimberti, G.; Sangaletti, L.; Castrucci, P.; Del Gobbo, S.;
Morbidoni, M.; Scarselli, M.; Pagliara, S. J. Phys. Chem. C 2014, 118,
24110. doi:10.1021/jp506684b
36. Tune, D. D.; Blanch, A. J.; Krupke, R.; Flavel, B. S.; Shapter, J. G.
Phys. Status Solidi A 2014, 211, 1479. doi:10.1002/pssa.201431043
37. Harris, J. M.; Semler, M. R.; May, S.; Fagan, J. A.; Hobbie, E. K.
J. Phys. Chem. C 2015, 119, 10295. doi:10.1021/acs.jpcc.5b02626
38. Pintossi, C.; Pagliara, S.; Drera, G.; De Nicola, F.; Castrucci, P.;
De Crescenzi, M.; Crivellari, M.; Boscardin, M.; Sangaletti, L.
ACS Appl. Mater. Interfaces 2015, 7, 9436. doi:10.1021/am508973b
39. Saini, V.; Bourdo, S. E.; Abdulrazzaq, O.; Dervishi, E.;
Kannarpady, G. K.; Biris, A. S. RSC Adv. 2015, 5, 621.
doi:10.1039/C4RA10735G
40. Grace, T.; Yu, L.; Gibson, C.; Tune, D.; Alturaif, H.; Al Othman, Z.;
Shapter, J. Nanomaterials 2016, 6, 52. doi:10.3390/nano6030052
41. Harris, J. M.; Headrick, R. J.; Semler, M. R.; Fagan, J. A.; Pasquali, M.;
Hobbie, E. K. Nanoscale 2016, 8, 7969. doi:10.1039/C5NR08703A
42. Tune, D. D.; Blanch, A. J.; Shearer, C. J.; Moore, K. E.; Pfohl, M.;
Shapter, J. G.; Flavel, B. S. ACS Appl. Mater. Interfaces 2015, 7,
25857. doi:10.1021/acsami.5b08212
43. Tune, D. D.; Stolz, B. W.; Pfohl, M.; Flavel, B. S. Nanoscale 2016, 8,
3232. doi:10.1039/C5NR08784H
44. White, D. L.; Taylor, G. N. J. Appl. Phys. 1974, 45, 4718.
doi:10.1063/1.1663124
45. Hecht, D. S.; Heintz, A. M.; Lee, R.; Hu, L.; Moore, B.; Cucksey, C.;
Risser, S. Nanotechnology 2011, 22, 169501.
doi:10.1088/0957-4484/22/16/169501
46. Wu, Z.; Chen, Z.; Du, X.; Logan, J. M.; Sippel, J.; Nikolou, M.;
Kamaras, K.; Reynolds, J. R.; Tanner, D. B.; Hebard, A. F.;
Rinzler, A. G. Science 2004, 305, 1273. doi:10.1126/science.1101243
47. Hu, L.; Hecht, D. S.; Grüner, G. Nano Lett. 2004, 4, 2513.
doi:10.1021/nl048435y
License and Terms
This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which
permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(http://www.beilstein-journals.org/bjnano)
The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.7.141
